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iabetes mellitus is one of the largest global epidemics to plague developing nations. With a staggering statistic of 422 million adults with this disease in 2014, the World Health Organization reported a doubling of global diabetes prevalence since 1980 (8.5% of adults in 2014) (1) . In the United States alone, the incidences of diabetes in the adult population (diagnosed and undiagnosed) are thought to rise to 21% in 2050 (2) . It is imperative that a better understanding of the pathophysiology of diabetes is needed to design and implement novel therapeutics for the prevention and treatment of this disease.
Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are multifactorial diseases that manifest due to loss of either physical or functional b-cell mass through autoimmune destruction (type 1) or a progressive decline in insulin secretion (insulin deficiency) typically associated with other metabolic abnormalities (type 2) (3) (4) (5) . A concerted effort has been made to define these metabolic alterations, now termed "metabolic syndrome" (MetS), which is mainly comprised of central obesity, insulin resistance, hypertension, and hyperlipidemia (3) . To maintain metabolic homeostasis, crosstalk between metabolically active tissues through the secretion of hormones and metabolites is necessary. However, a derailment in normal secretion and production of these metabolic mediators has been shown to be attributed to the progression of diabetes and other related metabolic diseases (6) . Intercellular communication via direct cell-cell contact or paracrine/endocrine effects of secreted factors are necessary for both the maintenance of cellular homeostasis as well as a contributing factor to various disease pathologies (6) .
Extracellular vesicles (EVs) are considered another major mediator of cellular crosstalk owing to their inherent ability to transfer important bioactive cargoes to targeted cells/tissues. Once described as the "trashcans of the cell," the relevance of EVs in the pathophysiology of various disease states has changed current research paradigms, particularly in the past decade. EVs are secreted by a variety of different cell types and can be isolated from multiple biological fluid sources such as blood, saliva, urine, and breast milk. EVs have been shown to elicit a variety of functional outcomes through their pleiotropic effects on various biological processes such as tumorigenesis, immune modulation, neurodegeneration, and even in the maintenance of cellular homeostasis (7) .
EVs in a broad sense are categorized by three distinct subpopulations of nanovesicles: exosomes (30 to 150 nm), microvesicles (100 to 1000 nm), and apoptotic bodies (1000 to 5000 nm). The distinction between the three classes lies not only in their size, but also in their content, mode of generation, and mechanism of release (8, 9) ( Table 1 ). The bioactive cargoes within EVs consist of a heterogeneous subset of DNAs, RNAs (mRNAs and small regulatory RNAs), proteins, and lipids that are often reflective of the tissue of origin from which the EVs are formed (10) . Whereas apoptotic bodies are known to bleb off of the plasma membrane of apoptotic cells (11) , microvesicles and exosomes are released endogenously by healthy cells through vesicle secretion off the plasma membrane (12) . In this review, the fundamentals of EV biogenesis and secretion with a focus on a comprehensive overview of existing literature on the role of EVs in the pathogenesis of T2DM and associated metabolic syndrome are introduced. With this insight, the current challenges of EV research and future perspectives in this field are highlighted. Understanding the relevancy of EVs in the progression of T2DM and related comorbidities could afford novel disease-related biomarkers and/or nano-based therapies for targeted cell deliveries.
EV Biogenesis and Secretion
The mechanism of EV formation and release differs among the three subtypes, as apoptotic bodies are known to bleb off the plasma membrane and microvesicles are known to form through mechanisms involving the redistribution of membrane lipids and contractility of actin-myosin-based machinery (13, 14) . Alternatively, exosomes, which are derived from the endosomal pathway, are formed in intraluminal vesicles (ILVs) within multivesicular bodies (MVBs). This process requires the reorganization of the endosome membrane, making it highly enriched with tetraspanins, particularly CD9 and CD63 (15) , and the recruitment of the endosomal sorting complex required for transport (ESCRT) machinery (16) (17) (18) (19) . The recruitment of ESCRT 0, I, and II is critical for intraluminal membrane budding through binding of ESCRT I to ubiquitinated proteins, which then activates ESCRT II on the endosomes. Programmed cell death 6 interacting protein (PDCD6IP or ALIX) interacts with tumor susceptibility gene 101 (TSG101) to recruit ESCRT III, which is essential for the final steps of exosomal release (20) . Additionally, ESCRT-independent pathways have been described and may function in concert with the "classical" ESCRT-dependent pathway described above. This additional mechanism of exosomal formation requires ceramide-rich ILVs, which can induce endosome membrane curvature and eventual secretion of exosomes (21) . Following the formation of exosomes in the ILVs, the next process requires the fusion of the MVB to the plasma membrane and the subsequent release of exosomes into the extracellular space. This process requires the aid of specific Rab proteins necessary for the docking and fusion of the MVB to the plasma membrane. In particular, Rab27a, Rab27b, and Rab11 have all been shown to have differing roles in the exosomal pathway; however, collectively they were found to be necessary for proper exosomal secretion (22, 23) . Conversely, other literature suggests that exosomal release can occur independently of the Rab GTPases (24, 25) . Therefore, further investigation into the molecular mechanisms behind the process of exosome release is needed.
EV Content
The heterogeneous cellular cargoes within EVs differ based on the parental cell it was secreted from, the mode of biogenesis, and/or various pathological states. In a general sense, EVs harbor a diverse cellular milieu (26, 27) . Although comprehensive studies on the proteome of EVs show differing protein content due to the cell type and inconsistencies in isolation procedures, there remains a consistent set of proteins found in EVs that are related to biogenesis. The most common proteins found in EVs (specifically exosomes) are the tetraspanins (CD63, CD9, and CD81) and ESCRT pathway components TSG101 and ALIX. These common vesicle-specific proteins are often used as identification markers for EVs and to assess the purity of EV preparations. Additionally, EVs have been shown to be enriched with other protein markers such as major histocompatibility complex class I and II molecules, cytoskeletal proteins, integrins, and heat shock proteins (10) . The identification of diverse genetic material contained within EVs has been extensively reported in recent years owing to substantial technical advances in the detection of small RNAs. The advancement of highthroughput next generation sequencing has allowed the detection of mRNAs, miRNAs, tRNAs, rRNAs, long and short noncoding RNAs, and more (28, 29) . Although intact mRNAs are found in EVs, most RNAs tend to be small fragments of ;200 nucleotides (miRNA size or smaller) (30) . There are over 1000 different miRNAs that have been collectively reported in EVs by hundreds of independent studies documented by databases such as Vesiclepedia (26, 31) . To avoid degradation, miRNAs have been shown to bind either with RNA-binding proteins such as Argonaute 2 (Ago2) (32) and lipoproteins. EV miRNAs have been shown to be bioactive through translational inhibition of the mRNA of target cells but may also function through mechanisms independent of this process (30, 33) . Several studies have reported that the RNA content of EVs is different than the content of the parental cells from which they were derived (31, 34, 35) . However, the diversity of RNA content among differing EV populations still remains unclear. The utility in understanding the distribution and selective loading of miRNAs into EVs in a given population could have the potential to change current paradigms for treatment strategies and biomarker discoveries for a myriad of diseases.
The presence of both single-and double-stranded DNA as well as mitochondrial DNA in EVs has been demonstrated in several reports (36) (37) (38) . As described with RNAs, these DNA cargoes are also biologically active and are present in different cell types. Perhaps one of the most striking aspects of DNA in EVs is that the DNA can often reflect the mutational status of the parent cell. For example, exosomes from pancreatic cancer (PC) cell lines and serum were shown to harbor double-stranded genomic DNA that contained mutations for KRAS and p53 (38) . In another study, the full mitochondrial genome was found in cancer-associated fibroblast-derived EVs and EVs from patients with hormonal therapy-resistant breast cancer (37) . The authors proposed that the horizontal transfer of EV mitochondrial DNA could act as an oncogenic signal to promote the survival of these cancer cells (37) .
Mechanisms of EV Uptake
Once EVs are formed and secreted from the parental cell they can interact with a target cell in several proposed manners. The mechanisms of EV cargo delivery incorporate the endocytic pathway and include clathrinmediated endocytosis, caveolin-dependent endocytosis, macropinocytosis, and phagocytosis (39) . The primary mode of EV internalization is currently up for debate, as several factors can potentially influence this process. The cell type, expression of target cell surface proteins, EV surface ligands, and physiologic condition of the cell all contribute to the overall mechanism of EV internalization ( Fig. 1) . As an example of the importance of EV-specific ligands in direct communication with target cells, one study showed that dendritic cell-derived exosomes carried major histocompatibility complex II, and these exosomes could directly target interacting T cells (40) . Direct fusion of EVs to the plasma membrane is an additional mode of internalization, but this is less common than endocytic pathway-related mechanisms (39) . Once endocytosis occurs, EVs must escape the endogenous lysosomal degradative pathway through direct fusion to the early endosome and subsequent reformation and secretion via the MVB membrane fusion pathway (20) . The complexity of EV target cell interactions still remains despite efforts by several groups to understand this process. In vitro and in vivo applications have exploited the manipulation of EVs to allow for tracking into target cells. For example, one group demonstrated that the fusion of EGFP to a palmitoylation sequence localizes to the plasma membrane and consequently into EVs (41) . EV uptake and cargo delivery was visualized both in vitro in cancer cells and in vivo in mice using this reporter system with high-resolution microscopy to track vesicle formation (41) . Several additional elegant approaches have been demonstrated in the tracking of vesicle content delivery to recipient cells (42, 43) ; however, detailed mechanisms of this process still remain, with a complete understanding of the overall impact of disease pathologies influencing this process.
Implications of EVs in Diabetes and Associated MetS
Diabetes is a multifactorial disease consisting of several metabolic disorders characterized by defective insulin release and glucose homeostasis. Complications arising from this disease have vast consequences in the form of heart disease, stroke, diabetic retinopathy, kidney disease, and macrovascular issues. The need for early detection biomarkers and novel therapeutic strategies is critical for the prevention and treatment of the disease. EVs have recently emerged as cellular conduits due to their distinct cargo selection in normal physiological conditions and in a variety of disease pathologies. Several studies have reported increases in EV production and secretion in individuals with T2DM and/or associated MetS (44) (45) (46) (47) (48) . In a recent study, EV secretion was assessed in a large cross-sectional and longitudinal cohort consisting of prediabetic, diabetic, and euglycemic controls. The results showed that diabetic patients secreted more EVs and that insulin resistance was a potential cause for this increase (44) . The observation of increased EV production suggests, in part, the relevancy of EVs in the pathophysiology of diabetes and associated MetS. In the next sections, additional contributions of EV work that further solidify their role in disease pathology are highlighted.
Paracrine Effects of EVs on Islets
Pancreatic islets are spherical micro-organs consisting of five hormone-secreting cells. The most highly abundant of the endocrine cells are the insulin-secreting b-cells, then the glucagon-secreting a-cells, and lastly the somatostatin-secreting d-cells. Two additional islet cell types exist: the pancreatic polypeptide cells and ghrelin-secreting «-cells. Collectively, these cell types sense nutrients (i.e., glucose) and respond accordingly by secreting their respective hormones into systemic circulation (49) . Dysfunctional insulin and glucagon secretion coupled with peripheral insulin resistance are hallmark features of T2DM. One of the mechanisms that regulates proper insulin secretion is through paracrine/autocrine interactions within the cells of the islet (50) . Paracrine interactions are necessary for each cell type of the islet to recognize whether normal cellular homeostasis is perturbed in neighboring cells. These interactions entail an exchange of intraislet signaling neurotransmitters, (2) The MVB will fuse to the plasma membrane and release the exosomes to target a recipient cell, whereas microvesicles will bleb off of the plasma membrane. (3) Once secreted into systemic circulation or interstitial fluid, EVs can interact with a target cell through multiple mechanisms. EV surface ligands can directly interact with cell surface membrane receptors to activate cell signaling pathways; (4) direct fusion of EVs with the plasma membrane to release cargoes into the cytosol; (5) or through mechanisms of endocytosis such as clathrin-mediated endocytosis, caveolin-dependent endocytosis, macropinocytosis, and phagocytosis.
hormones/peptides, and most recently the secretion and uptake of EVs. The emerging role of EVs as intraislet cellular conduits has been reported by several groups. In one study, EVs secreted from human islets were primarily smaller vesicles, and the content of these EVs was reflective of islet cells. Most EVs characterized from human islets were found to be of b-cell origin, as proteins such as insulin, C-peptide, and GLP1R were present, whereas a-cell and endothelial cell (EC) markers such as endothelial nitric oxide synthase and glucagon were less expressed. Additionally, these smaller vesicles were shown to contain distinct miRNAs that are involved in insulin secretion, angiogenesis, and normal b-cell function (51) . Paracrine interactions between EVs from other tissue types and b-cells have also been reported. PC is often associated with the development of new-onset diabetes. This type of diabetes is distinct in that it is likely formed through secretion of cancer-specific mediators that can alter normal glucose homeostasis. In this study, the authors found that PC EVs contain the polypeptide adrenomedullin and that the delivery of adrenomedullin to b-cells reduced insulin secretion. This bioactive transfer of adrenomedullin to b-cells was shown to increase endoplasmic reticulum stress and reactive oxygen species production and to induce a failure of the unfolded protein response (52) .
Amyloid deposits are comprised of a significant amount of islet amyloid polypeptide (IAPP), which is found in the islets of T2DM patients. Intracellular IAPP accumulation in b-cells promotes endoplasmic reticulum and oxidative stress, thus impairing b-cell function and survival (53) . In a recent report, it was found that EVs derived from normal healthy islets have the ability to reduce amyloid formation in a concentration-dependent manner; however, this effect was not found in the presence of T2DM islet or serum EVs (54) . The ability of normal healthy islet EVs to suppress IAPP formation was corroborated by lipid composition analysis of healthy vs T2DM EVs. These results showed increased lipid membrane components involved in lipid raft formation and membrane fluidity in healthy islet EVs, which are known to inhibit IAPP formation (54) . Further investigation is warranted to decipher the molecular mechanism and key protein/lipid modulators of this process.
The destruction of b-cells in both T1DM and T2DM is associated with immune cell infiltration and proinflammatory cytokine production (55-59). IL-1b, TNFa, and interferon g are known inducers of apoptosis in b-cells (57) . Interestingly, in situ perfusion of the rat pancreas with IL-1b created membrane blebbing, suggesting the role of proinflammatory cytokines in the formation and release of EVs (60) . Proteomic analysis of EVs released by the b-cell line NHI 6F Tu28 in the presence and absence of cytokines showed alterations in protein content between groups, particularly an upregulation of TNFa signaling molecules. This body of work suggests the potential role of EVs in the inflammatory response (61) . In a recent article by Guay et al. (62) , autocrine signaling was demonstrated between EVs released from b-cells containing miRNAs, which were shown to be transferred to other nearby b-cells. Additionally, cytokine exposure of Min6B1 cells altered not only the release of miRNAs but had an impact on overall survival of recipient b-cells. Although several studies have provided evidence of the apoptotic effects of highdose cytokines on cells, low-dose cytokine treatment has been shown to impart beneficial effects on the b-cell, potentially mediated through EVs. In one study, the authors demonstrated that low-dose cytokine treatment of INS-1 cells protected the cells from apoptosis through EVs containing neutral ceramidase, a key regulator of cytokine-induced effects on apoptotic signaling. Whereas high-dose cytokine stimulation inhibited neutral ceramidase release (63) .
Emerging evidence has implicated EVs in the immunoregulatory response of the islet, particularly in the pathogenesis of T1DM. EVs isolated from Min6 cells were found to stimulate T cell proliferation in addition to inducing proinflammatory cytokine production in nonobese diabetic mice (64) . Additionally, immunostimulated EVs isolated from islet-derived mesenchymal stem cells can activate autoreactive B and T cells in nonobese diabetic mice. The addition of these EVs promoted the expansion of autoreactive T cells subsequently leading to T-cell-mediated islet dysfunction (65) . In another study, b-cell autoantigens GAD65, IA-2, and proinsulin/insulin were found in EVs isolated from both rat and human islets and were readily taken up by dendritic cells. Proinflammatory cytokines induced endoplasmic reticulum stress, which increased EV secretion by b-cells and subsequent packaging of immunostimulatory chaperones, thereby enhancing the ability of EVs to stimulate antigen-presenting cells (66) .
EVs in Adipose Tissue
One of the main drivers of T2DM is obesity-associated insulin resistance in tissues such as the liver, skeletal muscle, and white adipose tissue (AT) coupled with insufficient insulin secretion and subsequent b-cell dysfunction. The balance between energy intake and expenditure is perturbed in obesity, leading to an increase in fat accumulation in multiple organs. The discovery of secretory adipokines from AT as a consequence of excess adipocyte accumulation has shed light on a more impactful role of cellular secreted factors in metabolic dysfunction. Several studies have identified EVs in obesity; however, in-depth functional studies and a link to disease pathology are needed. The amount of EVs in circulation from individuals with obesity, MetS, and diabetes has been extensively investigated (45) (46) (47) (48) . Studies done using a rat model of obesity (high-fat diet fed) showed significantly elevated EV counts compared with chow-fed rats. Elevated EVs were shown to originate from several cell types such as leukocytes, ECs, and platelets (67) . Obese individuals tend to show an increase in circulating plasma EVs compared with healthy, lean controls, which was also found to be independent of MetS (48) . Alternatively, weight loss decreased the overall amount of EVs produced in obese patients who underwent sleeve gastrectomy (68) .
In addition to studying the production of EVs from AT, substantial strides have been made toward identifying the content of AT-derived EVs. In one study, EVs were extensively studied both in vitro using differentiated human adipocytes and ex vivo from human AT explants. Analyses of EV content from both of these sources revealed a distinct adipocyte-specific protein signature in addition to increased expression of immunomodulatory proteins such as MIF, TNFa, MCSF, and RBP-4 (69). Similarly, human AT EVs derived from omental AT compared with subcutaneous AT (SAT) showed an increase in immune factors MCP-1, IL-6, and MIF in hepatocytes, which may contribute to overall systemic insulin resistance (70) . miRNA profiling of EVs from human visceral AT (VAT) and SAT from lean vs obese adolescents showed downregulation of miRNAs associated with TGF-b and Wnt signaling pathways in the obese VAT EVs only (71) . Interestingly, weight loss from gastric bypass surgery was found to alter circulating AT EV miRNA profiles, correlating with improvements in both insulin resistance and glucose homeostasis in these patients (72) . Proteomic profiling of AT EVs from obese diabetic and obese nondiabetic rats revealed 128 upregulated and 72 downregulated proteins found in the obese diabetic rat EVs (73) . Collectively, these studies provide evidence to support the role of EVs in obesityrelated diseases.
This notion is also supported by functional studies of AT EVs in insulin resistance and the inflammatory response. AT crosstalk with macrophages has been shown to be mediated by AT-derived EVs. SAT and VAT EVs were found to induce monocyte-to-macrophage differentiation with similar proinflammatory and anti-inflammatory secretory profiles of AT macrophages (ATMs). Additionally, insulin signaling was perturbed in human adipocytes in the presence of cell culture supernatants of macrophages that were prestimulated with AT EVs (69) . In another study, EVs from ob/ob mice (obEVs) activated macrophages through TLR4 signaling mediated by RBP4 expression in these EVs. Proinflammatory cytokine stimulation was evident in macrophages cultured with obEVs, thereby allowing for macrophage infiltration into AT and the liver to induce insulin resistance. This effect was mitigated in TLR4 knockout mice injected with obEVs (74) . In a recent report, the authors found that EVs secreted from ATMs from obese mice harbored miRNAs that could promote insulin resistance and glucose intolerance in insulin-targeting cells. Interestingly, treatment using ATM EVs from lean mice improved both glucose tolerance and insulin sensitivity in obese mice. These effects were shown to be mediated by obese ATM EVs containing the miRNA miR-155, which was shown to inhibit both insulin signaling and glucose tolerance via PPARg suppression (75) .
Understanding the global ramifications of AT-derived EVs on other tissues may impart clues to the overall pathophysiology of MetS. To understand the pathogenesis of nonalcoholic fatty liver disease (NAFLD) in obese patients, VAT EVs were shown to integrate into HepG2 and hepatic stellate cell lines and alter extracellular matrix regulatory molecules TIMP-1 and integrin a v b 5 while downregulating MMP-7 and PAI-1. These results suggest that increased expression of TIMP-1 and a decrease in MMP-7 could possibly promote extracellular matrix production, leading to a profibrotic state in liver cells mediated by TGF-b pathway activation. Further evidence is needed to solidify the role of VAT EVs in the pathogenesis of NAFLD (76) . In a recent report by Crewe et al. (77) , EVs isolated from white AT were shown to contain caveolin 1, which was found to be trafficked to adipocytes from caveolin 1-containing endothelial-derived EVs. Subsequently, AT was shown to secrete EVs back to ECs. This exchange of cellular cargo was found to be dependent on the nutrient state of the environment, as fasting/refeeding stimulated EV secretion from ECs, whereas mouse models of diet-induced obesity did not show this response in isolated ECs (77) .
EVs in Skeletal Muscle
Skeletal muscle insulin resistance is thought to be one of the initiating factors contributing to the progression of T2DM preceding both hyperglycemia and b-cell dysfunction (78) . Skeletal muscle has been proposed to be a secretory organ in which muscle-specific cytokines and peptides termed "myokines" are released in a hormonelike manner to affect distal organs, or through autocrine/ paracrine interactions within muscle (79) (80) (81) (82) (83) . Although there is emerging evidence on skeletal muscle crosstalk between various tissues, the field remains relatively unknown; however, recent work implicates EVs in this process. In one study, mice on a high-palmitate (HP) diet showed a significant increase in EV secretion from skeletal muscle compared with controls. These EVs were able to induce proliferation and alter genes in the cell cycle and in muscle differentiation (84) .
Owing to the critical role that skeletal muscle plays in normal metabolic function and energy homeostasis, understanding the role of skeletal muscle EV crosstalk with other metabolically active tissues could reveal novel mechanisms of disease pathology. In the context of diabetes, it was found through in vivo and in vitro studies that skeletal muscle EVs could be readily taken up by pancreatic b-cells (85) . To test whether insulin resistance could affect the function of skeletal muscle EVs on the b-cell, mice were fed either a chow or HP diet for 16 weeks. The quadriceps were excised and EVs were isolated from both sets of conditions. Culturing of HP EVs on MIN6 cells increased 460 mRNA transcripts associated with membrane receptors, various transcription factors, and the immune response. Specifically, miRNA profiling of HP EVs showed that insulin resistance in skeletal muscle was associated with the increased release of the miRNA miR-16 as compared with chow diet-fed EVs (85) . miR-16 has been shown to regulate the cell proliferation gene Ptch1, a receptor found in the sonic hedgehog pathway and a known regulator of insulin transcription and secretion (85) . Taken together, these studies suggest the importance of skeletal muscle EV crosstalk in the progression of diabetes, although further exploration is needed to fully understand the mechanisms that govern this process.
EVs in the Liver
The global surge in diabetes and obesity prevalence has been paralleled by a rise in related metabolic complications. NAFLD and its association with diabetes is a reciprocal relationship in which both serve as mediators of progression for the other. Diabetes has been shown to promote inflammation and liver fibrosis, thus promoting the acceleration of NAFLD to nonalcoholic steatohepatitis (NASH) (86) (87) (88) . Almost all cell types in the liver (e.g., hepatocytes, cholangiocytes, hepatic stellate cells) secrete EVs and are a target of systemic EVs from other tissues (89) . Similar to AT and skeletal muscle EVs, liver EVs are responsive to metabolic stressors such as lipotoxicity (90) (91) (92) . In one study, culturing hepatocytes in excess free fatty acids stimulated the release of EVs that could promote angiogenesis, which was Vanin-1 (VNN1)-dependent. RNA interference against VNN1 or genetic ablation of caspase-3 prevented angiogenesis formation in the liver and reduced the proangiogenic effects of liver EVs (90) .
Similarly, primary hepatocytes and Huh7 cells released significantly more EVs in the presence of palmitate or lysophosphatidylcholine compared with control (untreated) cells. EVs from primary hepatocytes of a dietinduced model of NASH induced an inflammatory phenotype in bone marrow-derived macrophages in vitro as noted by an increase in proinflammatory cytokine production of IL-1b and IL-6. This effect was shown to be mediated by DR5 signaling, as NASH-induced mice treated with the Rho-associated, coiled-coil containing protein kinase 1 (ROCK1) inhibitor fasudil showed a reduction in serum EVs correlating to a decrease in liver fibrosis and hepatic inflammation (91) . Additionally, palmitic acid treatment in hepatocytes not only increased the production of EVs as previously reported, but the miRNA profiles of the EVs changed and favored a more than fivefold increase in NAFLD-and NASH-related miRNAs (miR-24, miR-19b, miR-34a, miR-122, and miR-192) (92) . Moreover, the addition of palmitic acid-treated hepatocyte EVs on the human hepatic stellate cell line LX-2 increased the expression of profibrotic genes in comparison with control hepatocyte EVs (92) . In total, the work presented provides evidence for the role of hepatic EVs in liver disorders; however, further investigation into the mechanisms of liver EV communication with other metabolically active tissues is needed.
Future Perspectives and Conclusions
The knowledge base in the field of EV biology has exponentially increased during the past two decades as a growing understanding of the technical challenges in the field coupled with improvements in EV isolation, characterization, and functional assessment are evident. Although considerable efforts have been made in understanding the basics of EV biology (i.e., formation, uptake, and secretion), there remains a large question of their relevance in the pathophysiology of disease. As outlined in this review, preliminary contributions made to the EV biology field in the context of T2DM and MetS are highlighted. These bodies of work impart insight into a novel mechanism of intracellular communication and metabolic tissue crosstalk, which could aid in the development of treatment regimens for diabetes. EVs are well suited as delivery carriers due to their ease of uptake, low rejection rate, stability in circulation, and their ability to be re-engineered to carry selected cargoes (e.g., therapeutic drugs, proteins, nucleic acids) (93) . Additionally, it has been suggested that cell type-specific EVs derived from stem cells can improve diabetes outcomes (94) (95) (96) . Although EVs hold much promise in way of therapy, there remains a gap in knowledge in the overall importance of EVs in b-cell dysfunction and metabolic tissue crosstalk in disease progression. Identification of the mechanisms that govern these processes through EV-based means will ultimately give rise to valuable insight into preventative and therapeutic regimes to combat T2DM and the associated MetS.
Acknowledgments
The author thanks Dr. Aleksey Matveyenko for assistance in reviewing this manuscript.
Financial Support: This work was supported by National Institutes of Health Grant T32-HL 105355.
Correspondence: Naureen Javeed, PhD, Department of Physiology and Biomedical Engineering, Mayo Clinic, 200 First Street SW, Rochester, Minnesota 55905. E-mail: javeed. naureen@mayo.edu.
Disclosure Summary: The author has nothing to disclose.
